1: Introduction
Pavements in a freeze/thaw environment undergo drastic changes in material properties which influence their ability to carry heavy loads without failing or sustaining severe damage. In a severe freeze/thaw environment such as the Province of Manitoba, Canada, recorded pavement temperatures range from -40 ºC to 50 ºC. Granular base and subgrade soil layers have been known to freeze to depths of two metres or more under pavement surfaces. Once thawing has commenced in the spring season, the granular layers reach a state of near-saturation. These environmental conditions cause significant variation in the ability of a pavement to support traffic loads imposed upon it. Use of pavement layer resilient moduli allows for mechanistic modelling of the relationship between stress and strain properties of the pavement material.
The present study seeks to quantify the relationship between environmental factors and flexible pavement material properties of one pavement section on PTH No. 1 located near the town of Oak Lake in southwestern Manitoba. Seasonal environmental and deflection data was collected over the years of 1994 and 1995 in Manitoba. This effort was enabled through the data collection provided by the U.S.A. Federal Highway Administration (FHWA) Long Term Pavement Performance (LTPP) program. The LTPP in cooperation with the Manitoba Department of Highways and Transportation installed a Seasonal Monitoring Program (SMP) test site near the town of Oak Lake on Provincial Trunk Highway (PTH) # 1 in Southwestern Manitoba. The data which was collected over 16 months and two freeze/thaw cycles is used in the present study to investigate the seasonal variation in the material properties of the pavement layers.
: Data Collection
The data from the Oak Lake test site was collected under the authority of the LTPP Seasonal Monitoring Program (1) . The data which was collected on this SMP site by Braun Intertec Corporation (LTPP Regional Contractor) staff included air temperature, rainfall, asphalt and unbound layer temperatures, unbound layer volumetric moisture contents and electrical resistance readings, and Falling Weight Deflectometer (FWD) measurements. The pavement layer structure at the Oak Lake test site is composed of 111 mm of asphalt concrete, 478 mm of unbound granular material, and more than 6000 mm of silty sand to sand subgrade material (no rigid layer within 6000 mm).
Air temperature data was collected with a Campbell Scientific Model # 107 temperature sensor and radiation shield. The temperature sensor has a range of -35 to 50 ºC. A Texas Electronics Model # TE525MM tipping-bucket rain gauge measures rainfall in 0.1 mm increments. Granular base and subgrade soil moisture contents were determined through the use of Time Domain Reflectometer (TDR) probes. At the Oak Lake test site the TDR probes were installed at approximate depths of 200, 340, 500, 650, 810, 960,1110, 1250, 1550, and 1850 mm. Pavement layer temperatures were measured by the Measurement Research Corporation model # TP101 thermistor probe. The probe uses three thermistors installed within the surface layer and 15 thermistors spaced at 76 to 150 mm intervals beginning approximately 100 mm below the surface layer to a 2 m depth. The electrical resistivity probe used in the SMP has 36 electrodes spaced at approximately 50 mm intervals on a PVC pipe 1.9 m in length.
All of the FWD data collected under the SMP at the Oak Lake test site was generated by the DYNATEST Model 8000 FWDs primarily using the LTPP testing protocols (2) . Deviations from this protocol include the number of test points, number of test cycles per day, and annual testing frequency (1) . The FWD collects the magnitude of the load and deflection of each of the seven sensors every 0.2 milli-seconds over a 60 milli-second time period. The load application duration is typically about 30 milli-seconds which approximates the loading duration which a point in a pavement would experience from a truck tire in an in-situ application.
: Data Analysis
Data analysis began with selecting the environmental factors which caused the seasonal variation in the stiffness of the pavement layers, ie. the independent variables in the models. Past studies found that the resilient moduli of the asphalt layer were directly related to the temperature of the asphalt layer. The SMP collects data on three depths within the asphalt layer requiring three models be run to determine the most representative depth. Review of the literature also found that the resilient moduli of the granular base and subgrade layers were at their lowest values during the spring thaw period. It was decided for the present study that only the environmental factor causing the thawing of the layers during the spring thaw period be modelled. Thus the sum of positive average hourly air temperatures, known as the Thawing Index, is used in this study to quantify the thawing effect of the environment on the pavement structure.
Seemingly minor variations in pavement physical properties such as layer thickness, distress conditions such as cracking, soil types, or moisture contents create significant variability in FWD deflection readings obtained on any pavement section. The approach taken was to minimize the effect of these spatial physical variabilities by using the average value of each sensor deflection from each pass on every test date, the same approach used by Janoo (3). FWD deflections were normalized to 565 kPa, and the twelve station locations on the outer wheelpath were averaged to give one load-normalized deflection profile for each test pass. The temperature of the asphalt surface layer was assumed not to vary significantly during the test pass duration of approximately twenty minutes.
TDR data were initially to be used for the determination of moisture contents of soil layers. During the manual assembly of the moisture content readings it was observed that the TDR data gave significantly lower readings when the resistance readings indicated that frozen soil surrounded the TDR probes. Braun Intertec staff suggested exploring the possibility of using TDR data in frost extent analysis which was found to yield good results. The traditional use of temperatures for the SMP to determine the extent of soil in a frozen state was rejected as unreliable since the salinity of the soil can depress the freezing point of water. As well, it was found that during the thaw period, an isothermal temperature can exist to the maximum frost depth.
The frozen layer extents are required in determining the allowable ranges of layer moduli for the granular base and subgrade soil in the backcalculation process. The moisture content readings together with the electrical resistance readings were used to confirm the presence of frozen layers. The 1995 spring thaw period analysis is used as an example of the process used to determine frost extent. Figures 1 and 2 show the 1995 moisture content and electrical resistance data, respectively. The entire structure is considered to be frozen on the Figure 1 shows only a slight increase from 5 to 12 %. The 215 mm depth resistance measurement in Figure 2 shows a large decrease in resistance from the February 15 date which indicates thawing has occurred. However, immediately below this sensor the 265 mm depth reading is significantly higher which indicates that this depth has not thawed. Figure 3 shows the soil temperatures for the same thawing period of 1995. The March 14 temperatures range from -1.5 to -0.5 ºC over the range of sensors from 190 mm depth down to the 420 mm depth. This range of temperature does not give conclusive results as to the extent of frost. The conclusion for this date then is that the thawing has begun in the granular base creating a thawed layer of approximately 100 mm.
Each test date had its deflection and frost extent data ran through a backcalculation process to calculate layer resilient moduli for each test pass. The frozen portions of the granular base and subgrade layers were allowed higher ranges of moduli values for the backcalculation program to search within. The allowable ranges for the layer moduli for the frozen and thawed layers shown in Table 1 . The backcalculation program chosen for the present study was the Washington State Department of Transportation program EVERCALC. Information on the EVERCALC program Version 4.0 for Windows was taken from the Washington State DOT (4). The results were reasonable for thawed test dates with RMS errors around 1 to 2 %. The RMS errors for the test dates with frozen and thawed layers present were much higher, between 8 and 24 %. These higher RMS errors could be attributed to the fact that backcalculation is difficult when a stiffer layer lies between two softer layers. The much higher moduli values of a frozen layer compared to thawed layers represent an ill-conditioned matrix which is used to solve for the elastic solution.
The analysis of test dates with frozen layers resulted in four layers being used to represent the pavement structure. This four layer analysis allowed for better backcalculated errors and results [as in Janoo (3)], however it would not allow for seasonal modelling of the thawed/frozen unbound layer as a whole. Thus once the four layer analysis was complete, the granular base or subgrade layer which had frozen and thawed portions (ie two-phase) were combined. The EVERCALC program then was run to minimize the error by searching for a solution for the twophase layer between the thawed lower bound and frozen upper bound moduli values calculated in the four layer analysis. This is a compromised solution at best but the backcalculation approach did yield acceptable results in the four layer analysis. This compromise of turning the four layer analysis into three layers was done only to accomplish the modelling of the seasonal variation of the three layers throughout the year. This approach yielded much higher RMS errors ( up to 35%) than the four layer analysis. The trends in the backcalculated values for the AC layer show a strong relationship to the variations in pavement layer temperature.
: Modelling Seasonal Variation
The backcalculated resilient moduli were then related to environmental factors to develop the preliminary models. The first modelling related the three asphalt layer temperatures to the asphalt layer resilient moduli. The regression output for the third degree polynomial models is shown as Table 2 . The models all represent the environmental effect of layer temperature on the modulus of the AC layer as correlation coefficients are over 0.93. Thus the selection of the temperature depth to use was the surface temperature as it is the easiest to measure. The surface temperature versus the AC layer moduli third degree polynomial fit is shown in Figure 4 . A semi-log linear model of the asphalt moduli versus the surface temperature was developed for the temperature data above zero degrees Celsius as shown in Figure 5 .
The Thawing Index was next used as the independent variable versus the granular base layer moduli as shown in Figure 6 . Figure 6 shows that the granular base layer moduli becomes extremely weak in a very short time span. The modulus falls from 19,000 to under 227 MPa in 823 degree*hrs. A review of the data for the 1994 and 1995 seasons demonstrated that the 823 degree*hrs of thawing occurred over a time span of as little as 27 days.
The subgrade layer modulus was modelled in a similar manner as the granular base and shown in Figure 7 . The Thawing Index values are identical to those used for the granular base model however the moduli range is much lower for the subgrade layer. Although the range of moduli are small, it still represents a substantial decrease in the moduli of the layer. It is not as sudden of a decrease in moduli as the granular base as it takes about 2000 degree*hours to bring the moduli to their weakest state.
The literature review found two sets of models on the relationship between AC moduli and asphalt layer temperature; the first by Han et al, (5) and the second by Van Deusen and Newcomb, (6) . The AC layer moduli results are compared to the two models proposed in the present study as summarized in Figure 8 . The Watson-poly and Watson-log data refer to the third degree polynomial model utilizing all of the data and the semi-log relationship utilizing the data taken above 0ºC. Comparison of moduli demonstrates a reasonable trend among the results. The Watson-poly model is higher than any of the other models at 0ºC. The extremely high moduli values at the extremely low temperatures account for the higher predicted moduli values at 0ºC. When the data above 0ºC is used in a linearized form, the model compares reasonably well to the previous studies.
: Conclusion
The present study used environmental and pavement surface deflection data to model the variation in the resilient moduli of a flexible pavement in southwestern Manitoba. Two models of the seasonal variation in the AC layer moduli were developed; the first was a third degree polynomial model utilizing all of the data collected to -18ºC, the second was a semi-log linear model using the data from 0ºC and above. Both of these models were compared to models from other studies and were found to compare quite favourably. These models proved that the present approach can be successfully used to quantify the seasonal variation in pavement layer resilient moduli. The exponential model developed between the resilient modulus of the granular base versus the Thawing Index shows that the layer modulus decreases from extremely high values while the layer is frozen to summer values in as little as 27 days. The third degree polynomial model developed for the subgrade layer modulus versus the Thawing Index shows less frozen to summer variation than that of the granular base layer. The subgrade layer modulus variation occurs more gradually than the granular base layer. Neither the granular base nor subgrade model were able to identify a spring thaw-weakened modulus value in their respective layer. These models can now be used by pavement engineers for preliminary designs and verifications. 
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